Abstract. Protein synthesis is a powerful therapeutic target in leukemias and other cancers, but few pharmacologically viable agents are available that affect this process directly. The plant-derived agent silvestrol specifically inhibits translation initiation by interfering with eIF4A/mRNA assembly with eIF4F. Silvestrol has potent in vitro and in vivo activity in multiple cancer models including acute lymphoblastic leukemia (ALL) and is under pre-clinical development by the US National Cancer Institute, but no information is available about potential mechanisms of resistance. In a separate report, we showed that intraperitoneal silvestrol is approximately 100% bioavailable systemically, although oral doses were only 1% bioavailable despite an apparent lack of metabolism. To explore mechanisms of silvestrol resistance and the possible role of efflux transporters in silvestrol disposition, we characterized multi-drug resistance transporter expression and function in a silvestrol-resistant ALL cell line generated via culture of the 697 ALL cell line in gradually increasing silvestrol concentrations. This resistant cell line, 697-R, shows significant upregulation of ABCB1 mRNA and P-glycoprotein (Pgp) as well as cross-resistance to known Pgp substrates vincristine and romidepsin. Furthermore, 697-R cells readily efflux the fluorescent Pgp substrate rhodamine 123. This effect is prevented by Pgp inhibitors verapamil and cyclosporin A, as well as siRNA to ABCB1, with concomitant re-sensitization to silvestrol. Together, these data indicate that silvestrol is a substrate of Pgp, a potential obstacle that must be considered in the development of silvestrol for oral delivery or targeting to tumors protected by Pgp overexpression.
INTRODUCTION
The process of protein synthesis is increasingly being recognized as an important therapeutic target in cancer drug development. Many tumors rely on the rapid synthesis of prosurvival proteins, and key factors in the translation initiation process, notably eIF4E, are often mutated, dysregulated, or overexpressed in tumor cells (1) (2) (3) . Other translation factors are targets of signaling pathways aberrantly activated in cancer (e.g., p70 S6 kinase, 4E-BP; (4, 5) ). Such affected factors are typically part of the initiation complex, where the majority of cellular regulation of translation occurs. No therapeutic agents are currently available that specifically impact the initiation step in protein synthesis. Inhibitors of the mTOR protein kinase (e.g., rapamycin and analogs) block translation initiation by preventing mTOR-mediated phosphorylation and inactivation of the negative regulatory factor 4E-BP1, but this is an indirect effect, and multiple additional cellular pathways are also modulated (6) . The development of a more specific agent to block translation initiation may avoid side effects and pro-survival feedback resulting from mTOR inhibition while improving antitumor efficacy (6, 7) .
Silvestrol is a structurally unique cyclopenta [b] benzofuran agent from the plant genus Aglaia, isolated and characterized by Kinghorn and colleagues (8) . Silvestrol has nanomolar potency against multiple solid tumor cell lines, as well as in vivo efficacy in a murine P388 leukemia model (8, 9) . We subsequently demonstrated that silvestrol has potent cytotoxicity against leukemic B cell lines and primary cells, shows selectivity against B cells relative to T cells, and significantly prolongs survival in a murine model of B cell acute lymphoblastic leukemia (ALL). This effect appeared to be the result of early depletion of the pro-survival Bcl-2 family member Mcl-1 by translational inhibition, with subsequent mitochondrial damage and apoptosis (10) . Importantly, Pelletier and colleagues showed that silvestrol promotes aberrant binding of the RNA helicase eIF4A to capped mRNA, thus preventing productive assembly of the eIF4F translation initiation complex. This group further demonstrated significant in vitro and in vivo activity of this agent, alone and in combination with chemotherapeutic agents, in several tumor models (11) (12) (13) .
Tumors develop drug resistance through several mechanisms, including upregulation or mutation of the target or by alteration of drug influx or efflux. The adenosine triphosphate (ATP)-binding cassette (ABC) superfamily is a class of transporters expressed at various levels in a variety of cell types. The major efflux transporters within this family include the multidrug-resistant gene, isoform 1 (ABCB1, formerly MDR1), and its product P-glycoprotein (Pgp), MDR1-like protein (ABCC1, MRP1), and the breast cancer-resistant protein (ABCG2, BCRP). These pumps metabolize ATP to transport substrates including chemotherapeutic drugs from inside the cell to the extracellular space. Increased or aberrant expression of ABC family member proteins in tumor cells is a well-established cause of drug resistance. Particular to hematologic malignancies, increased Pgp expression is common in multiple leukemia types including ALL, in which approximately 30% of cases are Pgp positive at diagnosis (14) . Furthermore, ABC family transporters in the intestinal mucosa can prevent the successful delivery of orally administered anti-cancer agents (15) . Understanding the role of drug resistance factors is therefore essential to the development and optimal application of novel therapeutics.
Here, we show that chronic exposure of ALL cells to silvestrol eventually leads to acquired silvestrol resistance as a consequence of elevated levels of ABCB1 mRNA and protein and increased Pgp function. Pharmacologic inhibition of Pgp or downregulation by siRNA resensitizes cells to silvestrol. Collectively, these results identify silvestrol as a Pgp substrate. Together with our separate report of silvestrol pharmacokinetics showing low systemic bioavailability when administered by an oral route, these data indicate that Pgp efflux may be an important obstacle to overcome for the development of oral formulations of silvestrol and targeting tumors protected by this pathway.
MATERIALS AND METHODS
Reagents. The isolation and characterization of silvestrol have been described previously (8) . Vincristine sulfate, 2-fluoroara-A (active metabolite of fludarabine), and rhodamine 123 were purchased from Sigma-Aldrich (St. Louis, MO). Flavopiridol and romidepsin were provided by the NCI Cancer Therapy Evaluation Program. Verapamil and cyclosporin A were obtained from Enzo Life Sciences (Plymouth Meeting, PA).
Cells and Cell Lines. The pre-B acute lymphoblastic leukemia cell line 697 (16) was obtained from DSMZ (Braunschweig, Germany). The HL-60 acute promyelocytic leukemia parental cell line was obtained from ATCC (Manassas, VA). The HL-60 derivative HL-60/VCR, expressing high levels of ABCB1/Pgp (17), was provided by Dr. Kapil Bhalla (University of Kansas Cancer Center). HL-60/VCR cells were challenged with the Pgp substrate drug vincristine to confirm resistance. Cell lines were incubated at 37°C and 5% CO 2 in RPMI 1640 with fetal bovine serum (FBS) at 10% for 697 cells and 20% for HL-60 cells. The medium was also supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (Sigma). Cells were passaged every 2-3 days to maintain cell density at 1-2×10 5 cells/ml.
Viability Assays. Viability and cell count were regularly monitored by trypan blue exclusion using a hemocytometer. In addition, cell viability was monitored by flow cytometry using annexin/propidium iodide (BD Biosciences, San Jose, CA) on a FC500 instrument (Beckman Coulter, Brea, CA). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assays were performed to monitor mitochondrial activity as a surrogate for growth inhibition as previously described (18) . All experiments were performed in quadruplicate wells.
Real-Time Reverse Transcription-Polymerase Chain Reaction. Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA), and cDNA was prepared with SuperScript FirstStrand Synthesis System for RT-PCR (Invitrogen). Real-time reverse transcription-polymerase chain reaction (RT-PCR) for Mcl-1, ABCB1, and ABCC1 was performed on an ABI 7900 (Applied Biosystems, Foster City, CA) in the Ohio State University Comprehensive Cancer Center Nucleic Acids Shared Resource. TaqMan Universal Master Mix, primers, and labeled probes were used according to the manufacturer's instructions (Applied Biosystems), using TBP as an endogenous control. Mean threshold cycle (Ct) values were calculated by PRISM software (Applied Biosystems) to determine fold differences according to manufacturer's instructions.
Pgp Expression and Function. Antibodies used for immunoblots include anti-Pgp (C29; Covance, Princeton, NJ) and anti-actin (I-19; Santa Cruz Biotechnology, Santa Cruz, CA). Immunoblots were performed using standard procedures. Following incubation with horseradish peroxidase-conjugated secondary antibodies, nitrocellulose membranes were treated with chemiluminescent substrate (Pierce, Rockford, IL) and exposed to X-ray film. For surface detection of Pgp, cells were incubated 30 min on ice with phycoerythrin (PE)-labeled anti-Pgp antibody (Immunotech, Miami, FL) or a PE-labeled isotype negative control. Cells were washed with cold PBS and analyzed by standard flow cytometry. Pgp function was assessed essentially as previously described (19, 20) . Cells were incubated with 2.6 μM rhodamine 123 in complete medium for 30 min, washed twice with cold PBS, resuspended in medium up to 2 h, washed again, and analyzed by flow cytometry.
siRNA Experiments. siRNA experiments were performed as previously described (21) . ABCB1/Pgp, GAPDH, and scrambled control siRNAs were obtained from Applied Biosystems (Carlsbad, CA) and used at 3 μM. Based on preliminary time course experiments, the effects of siRNA were measured 48 h after transfection. Untransfected or mock-transfected (no siRNA) cells served as additional controls.
Statistics. Most experiments controlled variation by replicating conditions at the same time, and linear mixed effects models were used to account for dependency among observations within the same replication. Log transformations of the data were applied when necessary to stabilize variances. Data from RT-PCR experiments were first normalized to internal controls, and then linear mixed models were applied. Estimates of treatment effects were based on these models, and 95% confidence intervals of these estimates were reported. Four-parameter logistic regression models were used to calculate and compare IC 50 values of drug treatments (22) . All analyses were performed using SAS/STAT software, v9.2 (SAS Institute, Inc., Cary, NC).
RESULTS
Development of Silvestrol-Resistant Cell Line. Given the absence of information on potential mechanisms of resistance to silvestrol, we investigated the effect of chronic silvestrol exposure in an ALL cell line, 697. Silvestrol-resistant cells (697-R) were generated through stepwise increasing concentrations of silvestrol from 2.5 to 80 nM over a period of approximately 40 weeks and were subsequently maintained with semi-weekly addition of 80 nM silvestrol. Parental cells were carried in parallel. 697-R cells were morphologically and immunophenotypically identical to the parental 697 cells both as described by the supplier and as validated by us (data not shown), with no observable changes in proliferation rate. Cells were cytogenetically identical as well, with the exception of a t(7;9)(q21.2;p13) balanced translocation found in the 697-R cells (data not shown). To determine whether this event was responsible for the generation of silvestrol resistance, we regenerated 697-R cells by the same strategy, using 697 cells that were cloned by limiting dilution. No cytogenetic differences between the parental and silvestrol-resistant 697 cells were detected in the second generation. Interestingly, however, the second generation required a far longer period to attain similar levels of resistance (24 vs. 44 weeks to attain resistance to 20 nM silvestrol). Therefore, while the previously found translocation may accelerate the development of silvestrol resistance, it is not essential. In the remaining experiments, the first generation 697-R cells were used, although validations using the second generation 697-R cells produced identical results in all cases. To determine whether silvestrol resistance was stable, 697-R cells were incubated in the absence of drug for 14 weeks before being re-challenged with silvestrol at various concentrations for 72 h. As shown in Fig. 1 , no difference was noted in silvestrol resistance between cells incubated 14 weeks without drug and cells maintained with biweekly addition of 80 nM silvestrol.
ABCB1/Pgp Expression and Function in 697-R Cells. ABCB1/Pgp is known to be upregulated in refractory leukemias including ALL (14) . Consequently, ABCB1/Pgp gene and protein expression were assessed in 697-R cells. By real-time RT-PCR, ABCB1 mRNA expression was increased over 28,000-fold in 697-R cells relative to the parental cell line (N=3); however, the nearly undetectable level in the parental line makes this fold value approximate (cycles required to reach threshold, Ct=37.4 in 697 vs. 23.1 in 697-R, p<0.0001). In contrast, mRNA expression of the ABC family member ABCC1 was not significantly different between the 697 and 697-R cell lines (Ct=24.6 and 24.9, respectively, p= 0.66). We also conducted microarray analysis of 697-R cells vs. the parental line (GeneChip HG-U133 Plus 2, Affymetrix, Santa Clara, CA). Of 44 ABC family members represented by 82 probesets, only ABCB1 showed substantial (>1.5-fold) upregulation in the 697-R cells vs. 697 (data not shown). By immunoblot analysis, Pgp protein expression was clearly increased in extracts from 697-R cells compared to 697 cells (Fig. 2a) . As controls, extracts from cell lines without (HL-60) or with (HL-60/VCR) overexpression of ABCB1/Pgp (17) were included. To determine whether this increase in Pgp was detectable on the cell surface, Pgp surface expression was assessed by flow cytometry using an anti-Pgp-PE antibody (Fig. 2b) . Mean fluorescent intensities (MFI anti-Pgp minus MFI isotype control) were 2.67 in 697-R vs. 1.52 in 697 (N=3). These results showed that, in addition to being upregulated in whole cell extracts, Pgp expression was also moderately elevated in silvestrol-resistant 697 cells relative to the parental cell line.
ABCB1/Pgp overexpression in cells can lead to crossresistance to other Pgp substrates such as vincristine (23) and romidepsin (formerly depsipeptide; (24, 25) ). To determine if 697-R cells were selectively resistant to silvestrol, the cytotoxic effect of Pgp vs. non-Pgp substrates on 697-R cells was assessed by MTT assay. Based on our previous data, viability was determined at 48 h for cycloheximide, romidepsin, 2-F-ara-A (active metabolite of fludarabine), and vincristine and 72 h for silvestrol. As shown in Fig. 3 , 697-R cells were significantly more resistant than 697 cells to Pgp substrates vincristine (IC 50 =4.3 nM for 697 and 72.1 nM for 697-R; p= 0.0012) and romidepsin (IC 50 =2.5 nM for 697 and 8.6 nM for 697-R; p<0.001). However, there were no significant differences between the parental and resistant cell lines in cytotoxicity of non-Pgp substrates cycloheximide and 2-F-ara-A.
Pgp function was assessed in parental and resistant cell lines by an established rhodamine 123 efflux assay (19) . Rhodamine 123 was completely retained in the parental 697 cells as expected, but was rapidly eliminated from 697-R cells (Fig. 4) . As the majority of rhodamine 123 is eliminated from 697-R at 2 h, this timepoint was selected for the remaining studies.
Pgp Inhibitors Block Pgp Function and Resensitize 697-R Cells to Silvestrol.
To test if Pgp function in 697-R cells can be inhibited pharmacologically, rhodamine 123 efflux was measured in the presence of known Pgp inhibitors verapamil and cyclosporin A. As shown in Fig. 5a , both agents effectively blocked rhodamine 123 efflux from 697-R cells. To test if this inhibition resensitized the resistant cells to silvestrol, the viability of 697-R cells was measured using the MTT assay 48 h after treatment with combinations of verapamil or cyclosporin A and silvestrol. As seen in Fig. 5b , the combinations caused significantly more killing than can be explained by the addition of the effects of each treatment alone (p=0.003 for cyclosporine A, p=0.007 for verapamil), indicating that these agents were able to inhibit Pgp function and resensitize 697-R cells to silvestrol. The parental cells showed no significant interaction of silvestrol and the two Pgp inhibitors; in fact, the cytotoxicity of silvestrol in 697-R cells in combination with Pgp inhibitors was comparable to the cytotoxicity of silvestrol alone in the parental cells.
As Pgp substrates can also impede Pgp function, the impact of silvestrol on rhodamine 123 efflux in 697-R cells was also tested. No difference was observed in the rhodamine 123 efflux patterns in 697-R cells with or without silvestrol (data not shown). This suggests that unlike cyclosporin A, and verapamil, silvestrol does not function as a competitive inhibitor of rhodamine 123.
ABCB1 siRNA Specifically Blocks Pgp Function and
Resensitizes 697-R Cells to Silvestrol. siRNA experiments were performed to determine the effect of specifically knocking down Pgp expression in 697-R cells. Cells were mocktransfected (no siRNA), transfected with nonsense scrambled siRNA, or transfected with siRNA directed to ABCB1 or GAPDH. Forty-eight hours after transfection, rhodamine 123 efflux assays showed that transfection with ABCB1 siRNA significantly inhibited the efflux of rhodamine 123 from 697-R cells compared to scrambled siRNA-transfected samples (Fig. 6a, mean MFI=30 .6 vs. 6.1; p=0.028). To confirm that Fig. 3 . 697-R cells show increased resistance to Pgp substrates. 697 and 697-R cells (N=3) were incubated with increasing concentrations of vincristine, romidepsin, cycloheximide, and 2-F-ara-A. Viability was determined by MTT assay at 48 h, and results were calculated relative to time-matched untreated cells siRNA specifically reduced ABCB1 expression, real-time RT-PCR was performed on samples collected at the same timepoint. Results showed that ABCB1 expression is significantly decreased (more than twofold) with ABCB1 siRNA compared to scrambled siRNA control (Fig. 6b, p=0.002) . As a control, GAPDH expression, but not ABCB1 expression, was significantly reduced in samples transfected with GAPDH siRNA (p=0.0002). To test if specific ABCB1 knockdown resensitized 697-R cells to silvestrol, transfected cells were incubated with silvestrol for 72 h and assessed by MTT assay. As seen in Fig. 6c , cells transfected with ABCB1 siRNA were significantly more sensitive to 
DISCUSSION
We and others have reported that silvestrol shows potent in vitro and in vivo activity in a variety of malignancies including ALL (8) (9) (10) (11) (12) (13) 26) , but its mechanism(s) of resistance are unknown. ALL patients can develop resistance to available therapies due to tumor cell expression of ABC family members. Herein, we describe this as a mechanism of silvestrol resistance in vitro, using an established ALL cell line. In particular, we show that resistance to silvestrol is developed in 697 cells by upregulated ABCB1/Pgp and provide evidence that silvestrol is a Pgp substrate. As is observed with other Pgp substrates, silvestrol efficacy can be re-established using pharmacologic agents. For example, verapamil and cyclosporin A inhibit the efflux of the fluorescent Pgp substrate rhodamine 123 in Pgp-overexpressing cell lines (12, 15, 16) . We show similar effects with these drugs in 697-R cells in conjunction with re-sensitization to silvestrol. However, additional work is needed to determine if this effect can be reproduced in vivo with pharmacologically obtainable concentrations of agents that have Pgp-inhibiting effects. Alternatively, our group is pursuing nanoparticle-mediated delivery of silvestrol that may evade Pgp-mediated protection in certain tumor types.
Interestingly, silvestrol as a substrate of Pgp was suggested by results from the NCI 60 cell line screen, in which silvestrol showed similarity to characterized Pgp substrates vinblastine, paclitaxel, and actinomycin-D, but not to cycloheximide. In validating these results, we observed that silvestrol has no direct effects either on tubulin polymerization or RNA synthesis (data not shown). This pattern of similarity between silvestrol and other Pgp substrates in the NCI screen was predicted by Lee et al. (27) and Alvarez et al. (28) , who characterized Pgp expression in the 60 cell lines of this screen and used these data to generate a composite profile of a typical Pgp substrate compound.
Several shortcomings must be considered in the interpretation of this work, and important questions are raised as well. First, these findings were obtained using an ALL cell line, which may not adequately represent the disease. We therefore are working to confirm these results using primary ALL patient samples. However, obtaining tumor cells from ALL patients is challenging, as most patients are treated almost immediately upon diagnosis and also do not have circulating tumor cells; furthermore, primary ALL cells recover very poorly from cryopreservation and cell viability in culture is therefore quite limited. Regardless, it will be valuable to confirm these findings in additional cancer-relevant systems both in vitro and in vivo. Secondly, there are likely to be multiple mechanisms of silvestrol resistance and of drug efflux. The ABC transporters constitute a large family, and the pharmacologic inhibitors used in this work may not be specific to Pgp. To address this, we used gene-specific siRNA to confirm that Pgp is the primary cause of silvestrol resistance in 697-R cells compared to the parental 697 cell line. Additionally, microarray analysis showed no substantial differences in expression of any ABC family members other than ABCB1. Despite these two experiments, a minor role for other drug resistance-promoting proteins cannot be completely excluded.
We have not established the mechanism by which ABCB1 is upregulated in silvestrol-resistant cells. Interestingly, in the first generation of 697-R, we identified a single translocation, t(7;9)(q21.2;p13), that was not present in the parental line. This translocation occurs very near the chromosomal location of ABCB1 [7q21.1; (29)], and it is intriguing to hypothesize that this event is at least in part responsible for the dramatic increase in ABCB1 expression in 697-R. Newly sub-cloned 697 cells required nearly twice as long to develop the same level of silvestrol resistance, and the resulting resistant cell line lacked the 7q21.2 translocation. However, at this time, we have no direct evidence that this genetic alteration played a role in the upregulation of ABCB1. Pgp protein has also been shown to be upregulated by a wide variety of potentially interacting cellular signals including hypoxia (30); phosphoinositide-3 kinase/Akt, stress-activated protein kinase/c-Jun, and NF-kB pathways (31, 32) , cell cycle inhibition/p27 upregulation (33) , and others. Several of these pathways could be involved, as translation inhibition is likely to produce general cellular stress that activates these pathways. In agreement with this, we observe c-Jun induction in silvestrol-treated 697 cells (data not shown). Finally, several epigenetic mechanisms may contribute to increased ABCB1 expression (34, 35) , a possibility that is consistent with the relatively stable resistance phenotype we observe.
Following from this, our data present the possibility that silvestrol could, if dosed at low levels over time, induce its own resistance via direct or indirect upregulation of Pgp. It is important to note that an optimal schedule has not been defined for in vivo administration of silvestrol, so the relevance of our findings to silvestrol-mediated development of resistance in vivo is unknown. While this resistance could potentially be avoided by using higher doses administered less frequently, more information will be needed to determine if higher dosing is feasible or required for optimal efficacy. To date, in vivo experiments with silvestrol have been conducted using relatively low levels (0.2-0.5 mg/kg daily for 8 days (11,12) or 1.5 mg/kg three times weekly for 6 weeks (10)), which could be sufficiently low concentrations to allow surviving cells to develop resistance. We have worked to address these questions both in this report and the accompanying pharmacokinetics study (companion paper). Regardless, many diverse tumor types can exhibit increased Pgp expression either as a result of previous therapies or due to intrinsic tumor characteristics. Thus, the identification of elevated Pgp expression as a potential resistance mechanism is essential even if silvestrol is not the direct cause.
As a potential therapeutic agent, silvestrol is nearly unique in that its target within the cell is the initiation step of translation (11, 12) , the step at which most cellular regulation of translation occurs. Because of its potency and the uniqueness of its target, silvestrol is now under investigation and pre-clinical development at the National Cancer Institute. As part of this process, we recently completed a set of studies characterizing the in vitro metabolism and in vivo disposition of silvestrol in mice (companion paper). Our finding that silvestrol is a substrate of Pgp likely explains the poor oral absorption of silvestrol that we observe in mice. This is a crucial aspect of drug development that will be highly relevant to successful formulation and delivery of this novel agent. Finally, these data also suggest that silvestrol will have greater efficacy in diseases and in patients in which strong Pgp expression is either not observed or has not been linked to drug resistance, including subsets of ALL as well as chronic lymphocytic leukemia and other B cell malignancies (10) .
